Pinnipeds generally swallow prey whole, and most have simple, homodont, nonoccluding cheek teeth. We investigated whether cheek teeth in seals are more variable and weakly integrated than in terrestrial Carnivora. We measured mandibular length and crown length of mandibular postcanines (PCs) in ringed seals (Pusa hispida; n ¼ 912) from the Canadian Arctic, and harp seals (Pagophilus groenlandicus; n ¼ 636) from Newfoundland and Labrador. PC size was uncorrelated or only weakly correlated with adult mandibular length. PC length and mandibular length were strongly bilaterally symmetrical (r ! 0.8 between left and right sides). PC size was moderately variable (coefficients of variation [CVs] ; 7-10%), and CV varied with position in the toothrow. Adjacent PCs were correlated more strongly in size (to r . 0.8) than PCs more distant from one another. In summary, PC size in ringed and harp seals was slightly more variable than cheek teeth in complex dentitions of fissipeds, and the 2 seals were similar to fissipeds in strong bilateral symmetry in mandibular and PC size, patterned variation along the toothrow, and correlated size between adjacent PCs.
Functional, developmental, and evolutionary interdependence of teeth within mammalian dentition has long been appreciated (Butler 1937 (Butler , 1939 . Tight integration serves diverse functions, including food procurement, mastication, tooth sharpening, or social activities such as fighting or display (Evans and Sanson 2003, 2006; Every et al. 1998; Ewer 1973) . Integration is reflected in specific movements used in mastication or tooth sharpening, and is shown morphologically in dental orientation, surface features, wear patterns, or size (Crompton and Hiiemae 1970; Evans 2005; Every et al. 1998; Popowics 2003) . For example, teeth that interact in occlusion or mastication, neighboring teeth, and corresponding teeth on left and right sides often vary little and are morphologically complementary and similar in size (Gingerich and Schoeninger 1979; Gingerich and Winkler 1979; Kurtén 1953 Kurtén , 1967 Pengilly 1984; Prevosti and Lamas 2006) . Teeth that are not integrated within the dentition for food processing may be variably present or variable in morphology or size; examples are the anteriormost premolars of some ursids and m2 (lowercase letters signify lower teeth) of Eurasian lynx (Lynx lynx- Kurtén 1953 Kurtén , 1963 Kurtén , 1964 ; Lanyon and Sanson 2006; Rui and Drehmer 2004 ; however, nonoccluding teeth occasionally are positively correlated in size -Szuma 2000) . Apart from functional requirements operated on by natural selection, intraspecific morphological variability in teeth also may reflect tooth-specific levels of variability or underlying developmental processes (Evans and Sanson 2003; Gingerich 1974; Jernvall 2000; Kangas et al. 2004; Pengilly 1984; Polly 1998a) .
Pinnipeds evolved from carnivores with complex dentition, and the postcanine (hereafter, PC) dentition of pinnipeds became secondarily simplified in several ways (as in aquatic mammals generally), because little preparation of food takes place orally aside from holding and puncturing (the widespread and generalized phases of shearing and grinding do not occur Gingerich 1973) : the PC dentition is homodont; PCs do not occlude; and PCs are anatomically simple in most species, often being just more-or-less pointed for grasping active slippery prey (Adam and Berta 2002; Chapskii 1955; Eastman and Coalson 1974; Frechkop 1955; Howell 1930; King 1983; Wang et al. 2005) . The mandibular PCs of phocids represent p1 to p4 plus m1 (Eastman and Coalson 1974; Meyer and Matzke 2004; Stewart and Stewart 1987b; Stewart et al. 1998; Weber 1928) . Secondarily simplified structures often are phenotypically variable (e.g., in presence, morphology, or size- Dayan et al. 2002; Fong et al. 1995; West-Eberhard 2003; Yablokov 1974 ) and exhibit weakened morphological integration (Gould and Garwood 1969; Tague 1997) . Scattered observations suggest that these characteristics apply to the dentition of pinnipeds; for example, supernumerary PCs are fairly common (Odobenidae-Fay 1982; Otariidae-Braunn and Ferigolo 2004; Drehmer et al. 2004; Drehmer and Ferigolo 1996; Tedman 2003; Phocidae-Eastman and Coalson 1974; Könemann and Van Bree 1997; Stewart and Stewart 1987a; Suzuki et al. 1990) . Variation in number of PCs is highest in northern elephant seals (Mirounga angustirostris, .30% of specimens are bilaterally asymmetric -Briggs 1974) , and bearded seals (Erignathus barbatus -Chapskii 1955; Manning 1974) . However, few supernumerary teeth have been reported in the complex specialized filter-feeding PC dentition of crabeater seals (Lobodon carcinophagus -Adam 2005; Eastman and Coalson 1974) . Fine-scale dental variation also has been detailed for several pinniped species (Briggs 1974; Briggs and Morejohn 1976; Burns and Fay 1970; Chapskii 1955; Jernvall 2000; Scheffer 1960; Scheffer and Kraus 1964) .
Mensural dental variation and the correlation structure of tooth size within the dentition have been investigated in detail for a number of fissipeds and other mammal species (Polly 1998b; Meiri et al. 2005; Szuma 2000) . We use those studies as a basis for comparison, while acknowledging fissiped paraphyly and the superficial nature of many differences between pinnipeds and their terrestrial relatives (Bininda-Emonds and Gittleman 2000; Bininda-Emonds et al. 2001) . In this paper we present the 1st analysis of mensural variation in tooth size for pinnipeds, based on collections of lower jaws from animals of known sex and age for 2 species of Phocidae that fall within the ''pierce-feeding'' marine mammal guild recognized by Adam and Berta (2002) and Deméré and Berta (2005) : ringed seals (Pusa hispida) and harp seals (Pagophilus groenlandicus). Members of the pierce-feeding guild use a piercing bite, with prey captured in the mouth and held in place by small sharp teeth. In pinnipeds, this guild is characterized morphologically by nonoccluding upper and lower cheek teeth with lack of occlusal wear facets, m1 approximately midway along dentary, and homodonty with morphologically similar premolars and molars (Adams and Berta 2002) . Many prey of these species are small and are swallowed whole; for example, pelagic amphipods and other crustaceans (particularly by young seals and adults in parts of the range, e.g., the offshore population of Canadian Arctic ringed seals- Finley et al. 1983) and small fish such as Arctic cod (Boreogadus saida), capelin (Mallotus villosus), polar cod (Arctogadus glacialis), and sand lance (Ammodytes species -Chapskii 1955; Frost and Lowry 1981; Holst et al. 2001; McLaren 1958; Svetocheva 2004; Vikingsson and Kapel 2000; Wallace and Lawson 1997) . However, both species take large prey in some parts of the range or at some seasons (Lowry et al. 1980; Wallace and Lawson 1997) , and these must require use of the dentition for gripping, subduing, or dismembering. Some interspecific differences in size and complexity of PCs reflect gross dietary differences, but the trophic significance of most interspecific variation is unknown (Chapskii 1955 ; Fig. 1 ).
We hypothesized that lower jaws would be bilaterally symmetrical in size for general functional purposes (Chapskii 1955), although less so than in fissipeds, and that size of the relatively simple mandibular PCs would be fairly variable and with weaker levels of intercorrelation than the more morphologically complex, functionally integrated PCs of many fissipeds and other mammals.
MATERIALS AND METHODS
Ringed seals.-Lower jaws (mandibles) were purchased from Inuit hunters in Grise Fiord, Pond Inlet, and Clyde River, Nunavut, Canada, from June 1978 to September 1980, by LGL Ltd., Environmental Research Associates. Specimens were frozen until processing. Jaws were boiled for about 1 h until the canines could be extracted easily by hand, and then were refrozen. After thawing, jaws were soaked in tap water at room temperature for a day or so, until the central PC (i.e., PC3) could be removed by hand from left and right sides. Jaws then were cleaned of tissue and dried at room temperature. Jaws were measured approximately 1 year later. Only PC3 was available for study.
The technique of ageing ring seals by counting dentinal annuli was described by McLaren (1958) and Smith (1973) . Thin (0.3-mm) cross sections of both lower canines were cut on a rotating saw approximately one-third of the distance from the root end to the crown. Extracted teeth and the thin sections were stored in a mixture of equal parts of tap water, absolute ethanol, and 10% glycerin. Tooth sections were examined under transmitted light with a dissecting microscope (magnification 20-30Â). Each section was read in blind replicates until 2 identical readings, or a maximum of 3 readings, were completed. When no 2 readings were identical, the mean of the 3 readings was calculated and rounded to the nearest integer. Seals were aged relative to their month of birth, which was assumed to be April in the study area. This technique slightly underestimates age up to about 15 years of age; underestimates can be substantial for seals of that age or older (Stewart et al. 1996) . Therefore, data on seals !15 years of age were combined.
Information on body size was not available, so we used size of the lower jaw as a proxy for body size. Greatest length (or ''size'') of the lower jaw (mandible) was measured to 0.1 mm with calipers, from the anteriormost point on the jaw to the posteriormost point on the articular condyle. Length of toothrow was measured (to 0.1 mm) from the anterior margin of the PC1 alveolus to the posterior margin of the PC5 alveolus. Mesiodistal extent (''length'' or ''size'') of PC3 was measured in lingual aspect to 0.124 mm, using a dissecting microscope with an ocular micrometer (measurement precision reflects the micrometer's scale). Measurement error was assessed by measuring variables 10 times for 10 seals, blind and in a random sequence over several days. The coefficient of variation (CV) for these repeated measurements was very small (,0.5% for jaw length and ;0% for PC length), so we ignored measurement error in statistical analyses (Bailey and Byrnes 1990; Polly 1998b ). For analyses, we used mean values of left and right jaws and teeth for complete specimens, unless indicated otherwise.
Most specimens were suitable for measurement, although many had been damaged by shooting. The final sample contained 520 males and 392 females. Males ranged up to 23 years in age, and females to 20 years, though the sample of males had a slightly lower median age (5.38 versus 6.23 years, respectively).
Harp seals.-Seals were shot with high-powered rifles by professional sealers or by employees of the Department of Fisheries and Oceans around the island of Newfoundland in September 1994 , November 1994 -July 1995 , and November 1995 -June 1996 . Lower jaws were removed and frozen until processing. After thawing, jaws were boiled for about 1 h, and a canine was removed for ageing, then jaws were cleaned of tissue and dried at room temperature. They were measured about 1 year later. Variables and measurement protocols followed those for ringed seals, except all mandibular PCs (i.e., PC1-PC5) were available for measurement, and teeth were not removed from jaws for measurement. We removed and remeasured 10 teeth 3 times to determine whether the different measurement procedure affected our estimates; measurements were identical (all differences , 1%). This results from the wide spacing of the cheek teeth of seals (unlike terrestrial Carnivora- Dayan et al. 2002) , which permits ready measurement of teeth. Some of these specimens were used by Miller et al. (1998) and Miller and Burton (2001) .
As for ringed seals, many specimens had been damaged by shooting, so data were not complete for all specimens. The final sample contained 323 males and 313 females. Males ranged up to 28 years in age and females to 31 years; age distributions were similar between the sexes and were dominated by young age classes (median ages 2.80 versus 3.05 years, respectively). Sampling of both species accorded with guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) .
RESULTS
Tooth size in relation to position, sex, age, and jaw size.-The PCs of Pagophilus differed in size according to position in the toothrow, with PC1 being the smallest, PC2 about 40% larger, and PC3-PC5 about 7% larger again (Table 1; Fig. 2 ). For seals !8 years old, males were ;2-3% larger than females in jaw size in both species, and were relatively larger in PC size: ;8% in male Pusa and 5% in male Pagophilus (Table 1) . When age classes were pooled, PC3 was ;8% larger for male Pusa and ;3% larger for male Pagophilus. Other PCs of Pagophilus differed less between the sexes: PC2 and PC4 were ;2% larger in males, and PC1 plus PC5 were only ;1% larger in males.
Jaw length increased in size up to about 8 years of age in both species; toothrow length reached an asymptote slightly earlier (E. H. Miller, in litt.) . In contrast, PC length did not vary with age in either sex of either species (slopes in simple linear regression ranged from positive to negative, all were statistically inseparable from 0, and all had extremely low r 2 values [maximum, 3%]). All estimates of r between jaw length and PC length were slightly positive but only 1 was significant (for female Pusa ! 8 years old; r 2 ¼ 12%) after a was corrected for multiple tests (Table 2) . Several other relationships (PC2, PC3, and PC5 of male Pagophilus ! 8 years old; r 2 ¼ 20-22%) were significant at an uncorrected a ¼ 0.05; however, these 3 relationships were based on the same sample of males so were not independent of one another. In summary, PC size was unrelated to or correlated with mandibular size only very weakly within species.
Character variation and correlations.-Left and right sides were similar in size, with bilateral differences within seals averaging ;2-4% for teeth, ;1% for toothrow length, and ,1% for mandibular length (Table 3) . High correlations between sides also were found for mandibular length (r ¼ 0.995 for Pagophilus and r ¼ 0.944 for Pusa) and PC size (mean r ¼ 0.876 for Pagophilus and mean r ¼ 0.944 for Pusa; Table 3 ).
In Pusa, CVs for length of PC3 (left side, for purposes of exposition) were 9.9% (males) and 9.5% (females). Slightly lower variation occurred across the toothrow of Pagophilus (left PC1-PC5): 7.4%, 6.6%, 8.8%, 6.8%, and 7.4% in males; and 7.4%, 7.4%, 8.4%, 7.1%, and 8.0% in females. In this species, CVs had a fairly small range (6.4-8.9% across all teeth and between the sexes); nevertheless, teeth in different positions had characteristically different levels of variation. The evidence for this is 2-fold; 1st, CVs of corresponding teeth on left and right sides within sexes were correlated (males: r ¼ 0.988, n ¼ 5, P , 0.002; females: r ¼ 0.978, n ¼ 5, P ¼ 0.004). Second, CVs of corresponding teeth in males and females were correlated: r ¼ 0.881 (left teeth only; N ¼ 5, P , 0.05), 0.937 (right teeth only; n ¼ 5, P ¼ 0.02), and 0.906 (all teeth; n ¼ 10, P , 0.001): PC2 varied least (between sexes, mean CV ¼ 7.0%); PC1 and PC3 varied most (mean CVs ¼ 8.1% and 8.2%, respectively); and PC4 and PC5 varied at intermediate levels (mean CVs ¼ 7.1% and 7.3%, respectively).
The PC size was not correlated with mandibular size in either species (Fig. 3) . In Pagophilus, tooth size was correlated most strongly between adjacent PCs, and strength of correlations weakened with the distance between teeth (Table 4 ; Fig. 4) . In both sexes, PC3 size was correlated most strongly with size of adjacent teeth, and PC1 size was correlated most weakly with size of other teeth.
DISCUSSION
Tooth size in relation to position, sex, age, and jaw size.-The PC size varied with position in the toothrow in the harp seal, with PC3 being (slightly) the largest tooth, as in the ringed seal (Belobdorov 1975; Chapskii 1955; Doutt 1942) . Size ordering of PCs is ubiquitous in pinnipeds (e.g., PhocidaeBriggs and Morejohn 1976; Burns and Fay 1970; Doutt 1942; Scheffer 1960) .
Sexual size differences in pinnipeds have been investigated extensively (mainly in relation to social systems), but most analyses pertain to overall body size (Alexander et al. 1979; Lindenfors et al. 2002) . Yablokov and Sergeant (1963) quantified cranial sexual size differences in adult harp seals similar to levels we observed: ;5% in mandibular length and ;7% in distance between PC5 and anterior extreme of cranium or mandible (Yablokov and Sergeant 1963:1859-1860, tables 1 and 2). Ringed seals show extensive ecogeographic variation in size and sexual size differences (Amano et al. 2002; Fedoseev 1975; Finley et al. 1983; Hyvärinen and Nieminen 1990; McLaren 1993; Reeves 1998 ), so we do not discuss our limited findings further, aside from suggesting that the apparently greater sexual size difference in PC3 than mandibular length merits further study.
The PC toothrow lengthens substantially with age in phocids, because PCs are crowded in young animals and become less crowded with growth (Belkin et al. 1969; Doutt 1942; Harington and Sergeant 1972; Ooe and Esaka 1981) ; however, PC size does not change with age because of wear after full eruption of the crown in ringed or harp seals. Therefore, sample size can be increased in future studies by pooling samples across ages within sexes. In ringed seals, other measurement variables on PC3 decline with age, indicating wear over time (E. H. Miller, in litt.) . Tooth wear, breakage, and associated problems occur in all pinniped species but with different patterns, according to diet, intraspecific strife, and other factors (Braunn and Ferigolo 2004; Chapskii 1955; Drehmer and Ferigolo 1996; Fay 1982; Stirling 1969) .
Tooth size has been used widely to predict body size interspecifically, especially in paleobiology (Creighton 1980; Gingerich et al. 1982; Pan and Oxnard 2003; Van Valkenburgh 1990) . Some significant intraspecific correlations between size of lower cheek teeth and cranial or mandibular size also have been reported for terrestrial Carnivora (Kurtén 1953 (Kurtén , 1967 Meiri et al. 2005 ). Significant relationships occur in other taxa, including rodents and primates (Dayan et al. 2002; Gould and Garwood 1969; Moyer et al. 1985; Olson and Miller 1958 Character variation.-Carnassial dentition has evolved independently several times in mammals (Butler 1946) . In Carnivora, carnassial teeth are P4 (uppercase letters signify upper teeth) and m1, and these have been reported to vary little intraspecifically in species with complex dentition, presumably because of high morphological complexity related to precise integrated functions in food processing. Hence, CV estimates for mesiodistal length in carnassials provide a basis for comparison with our results. In our study, CVs for PC size were ;9-10% in ringed seal and ;7-9% in harp seal, very close to estimates for M2 of the polar bear (Ursus maritimus)-a reduced structure in this species that would be expected to be more variable than in other bears (CVs ¼ 7.2-9.6%-Kurtén (Kurtén 1964; Wolsan et al. 1985) . Similarly low TABLE 3.-Size (mesiodistal length in mm) of mandibular postcanines and mandibular length were similar, and were closely correlated between right and left sides in ringed seals (Pusa hispida) from the Canadian Arctic and harp seals (Pagophilus groenlandicus) from Newfoundland and Labrador. Values for percent left-right differences a are shown as mean 6 SD and (below), Pearson's productmoment correlation coefficient (r) between left-and right-side measurements (sample size is given in parentheses). All correlations were highly significant (P , 0.001). 
levels of variation characterize complex cheek teeth in other fissipeds as well as primates (Gingerich 1974; Polly 1998b) .
High variation in dental traits has been related to evolutionary factors and processes other than the weakening of stabilizing selection, including directional selection and geographic isolation of small populations (Juste and Ibáñez 1993; Tomow et al. 2006) . We interpret high CVs for PC size in ringed and harp seals to indicate increased variation due to evolutionary simplification of morphology via selective release, in connection with evolution from complex specialized to simple generalized food-processing (Adam and Berta 2002; Briggs 1974; Chapskii 1955; Gould and Garwood 1969) .
Character correlations.-Close functional relationships between neighboring or occluding teeth, or between corresponding teeth on left or right sides, are reflected in complementary size and morphology (Gould and Garwood 1969; Kurtén 1953 Kurtén , 1967 Prevosti and Lamas 2006) . High bilateral symmetry is expressed jointly through similarity in size and high correlations, and we found both in our study. Similarity in size between left-and right-side measurements was strong overall, but particularly for mandibular length (leftright differences averaged ,1%) and toothrow length (differences ;1%); differences averaged ;2-4% for PCs. Similarly, bilateral correlations were high overall but especially (r . 0.98) for mandibular length and toothrow length; r was 0.77-0.95 for PCs. In the complex dentition of pine martens (Martes martes), r between linear dental measurements on left and right sides was similarly high, averaging 0.88 (maximum, 0.92- Wolsan et al. 1985) .
We predicted relatively weak size correlations among teeth, but again our estimates were fairly high (e.g., for Pagophilus, r averaged ;0.60 with maxima . 0.82). These values are surprisingly similar to some for lower cheek teeth of fissipeds; for example, r averaged 0.57-0.65 (maxima, 0.81-0.87) for mesiodistal tooth lengths in several studies on red foxes (Szuma 2003) , and 0.47 (maximum, 0.78) for the same variables in Arctic foxes (Pengilly 1984 We conclude that evolutionary simplification of the PC dentition of ringed and harp seals was not accompanied by marked weakening of bilateral asymmetry or of size correlations among mandibular PCs. Our observations may be explained by evolutionarily conserved developmental programs for mammalian dentition (Butler 1937 (Butler , 1939 (Butler , 1946 Kangas et al. 2004 ). Other observations that support this possibility for Table 2 ). TABLE 4.-Size (mesiodistal length in mm) of mandibular postcanines (PCs) was correlated most strongly between PCs closest to one another, in both sexes of harp seals (Pagophilus groenlandicus) from Newfoundland and Labrador (see Fig. 3 ). Estimates for Pearson's product-moment correlation coefficient (r; using means of left and right PC measurements) are shown (sample size is given in parentheses; males above diagonal, females below diagonal). All correlations were highly significant (P , 0.0001). pinnipeds concern the nature of dental variation, which can be high but is bounded. For example, occasionally teeth of ribbon seals (Histriophoca fasciata) are indistinguishable from those of ringed or harp seals, or common seals (Phoca vitulina- Burns and Fay 1970) . Furthermore, dental variants often are expressed bilaterally in ribbon seals and in otariids Tedman 2003) . Other observations along these lines are reported by Bateson (1894) , Briggs (1974) , Briggs and Morejohn (1976) , Burns and Fay (1970) , Chapskii (1955) , Drehmer et al. (2004) , Fay (1982) , Könemann and Van Bree (1997) , and Scheffer and Kraus (1964) . Concluding comments.-Quantitative aspects of variation and integration of pinniped dentition have not been reported previously. Compared with complex cheek teeth of most fissiped carnivores, PCs of ringed and harp seals express slightly higher variation in size, but similar levels and patterns of size correlations and bilateral symmetry. Whether the same patterns occur in other pinnipeds is an open question, because no other studies have been conducted. Yet PCs of phocids, in particular, vary greatly across species in size, morphology, and spacing (Bininda-Emonds and Russell 1996; Burns and Fay 1970; Chapskii 1955; Doutt 1942; Eastman and Coalson 1974; King 1983 ; Fig. 1 ). Cranial and masticatory anatomy of phocids varies in relation to diet (Endo et al. 1998a (Endo et al. , 1998b (Endo et al. , 2002 Howell 1929; King 1972; Kosygin and Shustov 1971) , and geographic variation in PCs and mandibles is known (Chapskii 1955; Doutt 1942) . Therefore, this group seems to provide many opportunities for morphometric studies, to complement the extensive work that has been carried out on terrestrial Carnivora.
